Purpose: The purpose of this study was to evaluate the performance of a prototype electric portal imaging device (EPID) with a high detective quantum efficiency (DQE) scintillator, LKH-5. Specifically, image quality in context of both planar and megavoltage (MV) cone-beam computed tomography (CBCT) is analyzed. Methods: Planar image quality in terms of modulation transfer function (MTF), noise power spectrum (NPS), and DQE are measured and compared to an existing EPID (AS-1200) using the 6 MV beamline for a Varian TrueBeam linac. Imager performance is contextualized for three-dimensional (3D), MV-CBCT performance by measuring imager lag and analyzing the expected degradation of the DQE as a function of dose. Finally, comparisons between reconstructed images of the Catphan phantom in terms of qualitative quality and signal-difference-to-noise ratio (SDNR) are made for 6 MV images using both conventional and LKH-5 EPIDs as well as for the kilovoltage (kV) onboard imager (OBI). Results: Analysis of the NPS reveals linearity at all measured doses using the prototype LKH-5 detector. While the first zero of the MTF is much lower for the LKH-5 detector than the conventional EPID (0.6 cycles/mm vs 1.6 cycles/mm), the normalized NPS (NNPS) multiplied by total quanta (qNNPS) of the LKH-5 detector is roughly a factor of seven to eight times lower, yielding a DQE(0) of approximately 8%. First, second, and third frame lag were measured at approximately 23%, 5%, and 1%, respectively, although no noticeable image artifacts were apparent in reconstructed volumes. Analysis of low-dose performance reveals that DQE(0) remains at 80% of its maximum value at a dose as low as 7.5 9 10 À6 MU. For a 400 projection technique, this represents a total scan dose of 0.0030 MU, suggesting that if imaging doses are increased to a value typical of kV-CBCT scans (~2.7 cGy), the LKH-5 detector will retain quantum noise limited performance. Finally, comparing Catphan scans, the prototype detector exhibits much lower image noise than the conventional EPID, resulting in improved small object representation. Furthermore, SDNR of H 2 O and polystyrene cylinders improved from À1.95 and 2.94 to À15 and 18.7, respectively. Conclusions: Imaging performance of the prototype LKH-5 detector was measured and analyzed for both planar and 3D contexts. Improving noise transfer of the detector results in concurrent improvement of DQE(0). For 3D imaging, temporal characteristics were adequate for artifact-free performance and at relevant doses, the detector retained quantum noise limited performance. Although quantitative MTF measurements suggest poorer resolution, small object representation of the prototype imager is qualitatively improved over the conventional detector due to the measured reduction in noise.
INTRODUCTION
Megavoltage (MV) cone-beam computed tomography (CBCT) using an electronic portal imaging device (EPID) 1, 2 provides several clinically relevant benefits not available with analogous kilovoltage (kV) CBCT counterparts, including but not limited to beam's-eye-view imaging, three-dimensional (3D) and in vivo dosimetry, [3] [4] [5] and high-Z material artifact reduction. However, due to relatively high doses and poor image quality, the widespread implementation of these techniques remains limited.
Recently, a great deal of research effort has been devoted to the development of high detective quantum efficiency (DQE) EPIDs with the goal of improving image quality at MV energies. Adoption of multilayer architecture, [6] [7] [8] [9] [10] structured and pixilated scintillators, 1, [11] [12] [13] novel scintillation materials, 14 and novel direct conversion detector design 15 have all been investigated and found to improve detector DQE. Presently, we introduce a new, inexpensive scintillating glass called LKH-5 (Collimated Holes Inc., Campbell, CA, USA) and characterize the fundamental, planar imaging performance. Measurements of a prototype imager in terms of modulation transfer function (MTF), noise power spectrum (NPS), and DQE were performed. Results were compared to similar experimental measurements for a current state-ofthe-art EPID. The LKH-5 image quality is analyzed in the context of application to MV-CBCT imaging, accounting for the effects of electronic noise, temporal performance, and reconstructed image quality.
METHODS

2.A. Description of the characterized detectors
The prototype LKH-5 detector was compared in terms of planar and 3D imaging performance with a standard terbiumdoped gadolinium oxysulfide (GOS) panel. Both detectors were based on the Varian AS-1200 amorphous silicon (aSi) active matrix flat panel imager (AMFPI) for image readout. This thin-film transistor readout features 1280 9 1280 square pixels, each 0.336 mm 2 9 0.336 mm 2 in size. All images for both detector panels were acquired on a Varian TrueBeam platform at a photon energy of 6 MV with flattening filter and a source-to-imager (SID) distance of 150 cm. Image acquisition was performed with a horizontal orientation, with the gantry rotated to 270°and the couch to 90°. The LKH-5 detector was placed atop the couch and aligned perpendicularly to the source with the central axis intersecting the middle of the detector. GOS measurements were also acquired with a gantry rotation of 270°.
The GOS panel is standard on most commercially available Varian TrueBeam systems. Its construction includes a 1-mm copper conversion layer followed by a 290-lm GOS powdered phosphor screen, the AS-1200 AMFPI, all atop a lead backing layer. The prototype LKH-5 scintillator was manufactured with a density of 3.8 g/cm 3 and has an index of refraction of 1.6 and light yield of 4000 photons/MeV. A 12-mm thick, large glass sheet was cut and polished into symmetrical blocks with planar dimensions of 1.51 mm 2 9 1.51 mm 2 . Each block is glued together, creating a pixelated scintillation glass matrix, with each element separated by an 88% reflective double-sided aluminum deposition Mylar with index of refraction of 1.77. The scintillation glass matrix was placed atop the same AS-1200 AMFPI platform. The LKH-5 prototype excludes the copper conversion layer and lead backing layers found in the standard GOS detector. A diagram of the experimental panel may be seen in Fig. 1. 
2.B. Comparison of planar imaging performance
2.B.1. Modulation transfer function
The MTF was analyzed for 6 MV projection images based on a slanted slit measurement. 7, 10, 16, 17 Briefly, a pair of 12 cm tungsten alloy blocks was placed atop the measured EPID arranged at an angle of approximately 2°with an opening of 100 lm. Alignment was confirmed by projecting the treatment head light field upon the phantom and observing a resultant optical slit image behind the phantom. Given the slit width and phantom thickness, photons incident at an angle greater than 8.3e
À4°f rom normal should be collimated. The analyzed projection image was a composite frame calculated as the mean of 200 2.00 MU exposures -the maximum imaging dose at which the detector dynamic range exhibited no saturation. Composite frames were employed to reduce the effect of quantum and electronic noise. The projection image was dark-field and flood-field corrected and used to generate an oversampled line spread function (LSF). The Fourier transform of the LSF was calculated to produce a phase-averaged MTF.
2.B.2. Quantum noise performance
Quantum noise was measured in terms of NPS at exposures ranging from 0.25 MU/frame to 2.00 MU/frame. Quantum noise measurements have been described in great detail previously. 10, [18] [19] [20] Briefly, single-frame flat field images were acquired with a 40 cm 2 9 40 cm 2 field size, with each projection being dark-field and flood-field corrected. Each frame was divided into roughly 320 half-overlapping 128 9 128 pixel sub-regions-of-interest (sub-ROIs). NPS was measured as the ensemble average of the Fourier transform of the meansubtracted, two-dimensional (2D)-detrended intensity map of each projection according to:
where N and d denote the number of pixel elements and the pixel dimensions, respectively, in the lateral (x-) and superiorinferior (y-) directions for each sub-ROI, and I denotes the image intensity. To relate the relative quantum noise performance to imaging signal, the normalized noise power spectrum (NNPS) may also be measured. The NNPS is defined as the quotient of the NPS and the squared quantity of the mean image intensity of the corrected flood-field image. Finally, to compare quantum noise-limited imager noise performance, the quantity defined by multiplying the NNPS by the average x-ray fluence, q, on the EPID surface (qNNPS) may be utilized. At quantum noise limited doses, the qNNPS should not vary as a function of exposure. A description for the calculation of x-ray fluence may be found in Section 2.B.3.
2.B.3. Detective quantum efficiency
Detective quantum efficiency is calculated according to 20 :
where T and S N denote the detector MTF and NNPS, respectively, as a function of frequency (f). ). Values for q were corrected for inverse-square law to an SID of 150 cm.
2.C. Comparison of CBCT performance metrics
2.C.1. Imager lag
Because upwards of 700 projection views may be acquired in rapid succession while operating in CBCT mode, temporal performance of the detector is an essential characterization. Specifically lag, the signal that is carried over from prior image frames (typically residual charge on the readout) may contaminate subsequent images, presenting as "comet" or "streak" artifacts. 22, 23 Figure 2 depicts a diagram of the experimental procedure for the measurement of lag. 18, 24, 25 A dark image is first acquired as an offset readout and is followed by a single or several exposure frames. In the present measurements, the treatment beam was delivered at a dose rate of 100 MU/min while the detector was operated at a continuous frame-rate of 2.2 fps. Each exposure frame delivered a dose of 0.75 MU. Since delivery of the treatment beam is not synchronized with the detector readout, the detector was exposed over several frames until readout intensity stabilized. After the exposure sequence, M > 20 dark frames are acquired. All exposure and postexposure frames were corrected by the initial offset readout. The mean signal within the exposed area of the detector was measured as a function of frame number and time. The first frame signal was ignored and the residual signal for the remaining frames was fit to an exponential of the form I = I 0 e Àt/s , with s defining the time constant. First frame lag was determined to be the modeled result at a time t = 0.45 s and second frame lag at t = 0.91 s. Ideally, the beam would be disabled with a fully exposed detector prior to the start of readout. However, disabling the beam while operating in MV-cine mode of the linac requires manual intervention. As such, the first postradiation frame most likely represents an image that has been partially read out and reirradiated. Completion of the remaining detector lines of the first frame thus results in residual charge left on the detector for the second postirradiation frame. Using the residual signal from the second frame results in an overestimation of the imager lag. Because of the inherent difficulty in disabling the beam at the same point of detector readout, there is some unknown phase in any given measurement. Repetition of the experiment represents a phaseaveraged result.
2.C.2. Low-dose characterization
When total scan dose is divided among over hundreds of projection angles, the detector system may not necessarily be quantum noise limited. It is therefore important to characterize the electronic noise of the AMFPI as well as its contribution to DQE degradation.
Electronic noise: Electronic noise was measured in a similar manner to quantum noise in Section 2.B.2. The projections, unlike quantum noise images, are analyzed with zero MU exposures i.e., dark frames. Applications of Eq. (1) must consider fixed-pattern noise (which is found in all physical imagers) as it will necessarily corrupt the measurement. Pairs of dark frame readouts were acquired (at a rate of 2.2 frames per second) and subtracted, yielding an image free of fixed-pattern noise. Because electronic noise between readouts is uncorrelated, addition or subtraction of pairs of dark-field images will yield an NPS double that of any single frame. 20 Measurements of S p for paired projections of dark-field images were therefore divided by two to yield the electronic noise component from any single exposure.
Low-dose detective quantum efficiency: Total image noise is simply the sum of the NPS from each source of the imaging device. In this case, NPS from quantum noise as measured in Section 2.B.2 and from electronic noise as measured in Section 2.C.2.a. Electronic noise does not contribute to the image intensity beyond increasing the uncertainty of the measurement. So, at doses where quantum noise does not dominate electronic noise, the NNPS, qNNPS, and DQE will degrade. This effect was studied by tracking the relative contribution of electronic noise against the quantum noise and intensity -both of which are linearly correlated with dose and expressed in the DQE. Specifically, we present the effect of electronic noise in terms of the DQE(0) as a function of dose. The DQE(0.2) (i.e., the DQE at 0.2 cycles/mm) is also presented to give a broad impression of the effects of low-dose and electronic noise on frequency and task dependence.
2.D. MV-CBCT acquisition
Acquisitions of a Catphan model 600 CT phantom were acquired with a 6 MV Varian TrueBeam treatment beam. Scans were taken at the Varian Medical Systems Imaging Laboratory in Baden, Switzerland. The both GOS and LKH-5 detectors were mounted on the imaging arm of the TrueBeam system. A total projective dose of 10 MU was distributed over approximately 900 views. An approximate 225 projection subset of the scan was used to simulate a scan with a weighted CT dose-index (CTDI w ) of 2.7 cGy. The phantom was scanned using both a conventional Varian AS-1200 EPID as well as the prototype LKH-5 detector. Volumes with voxel sizes of 0.5 mm 3 9 0.5 mm 3 9 2 mm 3 were reconstructed using a Feldkamp filtered backprojection algorithm in the Varian iTools reconstruction platform. Line-pair/resolution and contrast-detail feature plates were analyzed. For a comparison to currently available kV-CBCT results, a scan was performed with the OBI also with a CTDI W of 2.7 cGy. To better clarify the impact of improvement of image quality metrics, such as NPS, NNPS, and qNNPS the signal-difference-to-noise ratio (SDNR) was calculated for the H 2 O and polystyrene cylinders of the contrast-detail feature plate. SDNR measured for 100 pixel circular ROIs centered within the feature as well as a directly adjacent background region. SDNR was defined as |Ifeature-Ibackground|/rbackground, where I was the mean intensity and r the standard deviation.
RESULTS
3.A. Detector linearity
The measured NPS (a) and NNPS (b) of the LKH-5 detector at exposures of 0.00 (electronic noise), 0.25, 0.75, 1.25, 1.75, and 2.00 MU are shown in Fig. 3 . As expected the NPS exhibit linearity and the NNPS inverse linearity with total exposure, suggesting quantum noise limited behavior at the presented dose levels. Furthermore, a peak in noise power may be observed at roughly 0.33 cycles/mm. In comparing the qNNPS, the LKH-5 detector exhibits zero-frequency noise roughly 7 times lower than that of GOS.
The resulting DQE curves are presented in Fig. 5 , where the measured LKH-5 data is plotted as a scatter plot and its cubic spline interpolative fit is presented in the solid line. The increase in noise power observed in Figs. 3 and 4 is manifested as a bump in the DQE at roughly 0.33 cycles/mm and the first zero is found at roughly 0.6 cycles/mm. The DQE of the GOS-equipped Varian AS-1200 exhibits a DQE (0) of less than 0.015. 
3.C. Low-dose performance
A comparison of the NPS due to electronic noise was plotted in Fig. 3 . Electronic noise for the LKH-5 detector, as is typical of most AMFPI, is manifested as spatially white. The mean value of the NPS due to electronic noise was quantified at 7.04 ADU 2 /mm 2 . The low-dose performance of the LKH-5 detector is plotted in the dual-axis plots in Fig. 7 . The DQE(0) (a) and DQE (0.2) (b) are presented in absolute (solid lines) and normalized (dashed lines) terms. For both secondary ordinate quantities, the curves have been normalized to the absolute quantity calculated for 2 MU (i.e., a quantum noise limited exposure). As seen from Fig. 7(a) , the DQE(0) falls to a value of approximately 80% at a dose of approximately 7.5 9 10 À6 MU, representing a value of approximately 6.5%. In contrast, the DQE(0.2) falls to a value of approximately 80% at a dose of 0.08 MU. Figure 8 plots reconstructed slices of the line-pair (top row) and contrast-detail (bottom row) feature plates of the Catphan phantom using MV-CBCT acquisitions with a conventional GOS-based EPID (left column) and the prototype LKH-5 EPID (center column), as well as a kV-CBCT acquisition with the OBI (right column). All images were acquired with a CTDI W of approximately 2.7 cGy. The SDNR for the H 2 O and polystyrene cylinders on the contrastdetail feature plate measured at À15 and 18.7, respectively, for the LKH-5 detector in comparison to À1.95 and 2.94 for the GOS panel. The kV-OBI yielded SDNR quantities of À79.4 and 94.2 for these same features.
3.D. MV-CBCT images
DISCUSSION
4.A. Projection imaging metrics
Analysis of the projection space MTF exhibits a first zero at approximately 0.66 cycles/mm, which corresponds to the aperture function for the individual pixelated segment size of the LKH-5 glass (i.e., 1.51 mm). Furthermore, a peak in noise power is observed at approximately 0.33 cycles/mm in both normalized and un-normalized measurements. NPS and NNPS exhibit linearity and inverse linearity with exposure, respectively, resulting in a DQE(0) of approximately 8%. As seen in Fig. 4 , the zerofrequency noise power is approximately 7 times lower using LKH-5 than with a typical GOS scintillator. This is consistent with reported values of DQE(0) of current EPIDs of 1-2%. Thus, for quantum noise limited dose regimes, the image quality will improve largely in concurrence with the improvement in DQE(0) assuming imaging tasks whose primary signal power is below 0.66 cycles/ mm (i.e., 4-8 times). The NPS peak is most likely the result of fixed-pattern noise on the detector. Being a first prototype, the development of the LKH-5 detector exhibits visible inconsistencies and have been difficult to correct via standard flood-field and dark-field correction. Further investigation on image correction for the detector is currently being conducted. Better manufacturing processes and better image correction will yield results closer to ideal data. First frame lag was measured at 23% of the exposed value. Lag artifacts are often characterized as "comet" and "streak." 22, 23 As seen in Fig. 8 , these types of artifacts are not apparent in the reconstruction, suggesting adequate temporal performance of the scintillator relative to the amount of noise present on the detector. However, in lower noise modes or dose regimes, or higher frame-rate modes, where lag artifacts may become more apparent in the reconstruction, lag-mitigation strategies and algorithms may be employed. [26] [27] [28] 
4.B.2. Low-dose performance
Although DQE(0) at quantum noise limited doses will number approximately four to eight times higher than that of typical imagers, due to the relatively low optical photon yield of LKH-5, low-dose performance may be slightly compromised. However, 80% of the performance is retained at doses as low as 7.5 9 10 À6 MU, which for a 400 projection technique represents a total scan dose of 0.0030 MU. So, applying the much higher doses often seen with kV-CBCT (i.e., 2-3 MU; 0.005-0.0075 MU/projection), as seen in Fig. 7 , quantum noise limited performance may be ensured. Because high-frequency NPS is a low quantity in comparison to the zero frequency, for small objects, whose signal power resides at higher spatial frequencies, quantum noise limited behavior will be violated at higher doses [ Fig. 7(b) ].
4.C. Comparison of CBCT images
At relatively equivalent doses -quantified by CTDI was seen in Fig. 8 , LKH-5 represents a noticeable improvement over typical GOS detectors, complete with improved SDNR. Despite the much lower high-frequency MTF for the LKH-5 scintillator, the bar-pattern phantom is qualitatively better represented in the prototype imager, suggesting that image quality and object detection is more limited by quantum noise response than by system resolution. Furthermore, in comparison to the kV-CBCT reconstruction, LKH-5 provides a competitive result although exhibiting noticeably higher noise. 
CONCLUSION
The imaging performance of the LKH-5 prototype scintillator was quantified specifically for applications of MV-CBCT. By improving quantum noise transfer characteristics, the detector improves DQE(0) by eight to nine times. Temporal characteristics were quantitatively and qualitatively shown to be sufficiently low for reasonable CBCT image quality. Furthermore, for low doses, equivalent to those used in kV-CBCT, the imager was quantum noise limited. While quantitatively it sacrifices image resolution when compared to typical GOS detectors, small object representation is improved due to the reduced noise.
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